21 -triggered synchronous neurotransmitter release is well described, but asynchronous release-in fact, its very existence-remains enigmatic. Here we report a quantitative description of asynchronous neurotransmitter release in calyx-of-Held synapses. We show that deletion of synaptotagmin 2 (Syt2) in mice selectively abolishes synchronous release, allowing us to study pure asynchronous release in isolation. 
Two modes of Ca 21 -triggered neurotransmitter release have been described: fast synchronous release predominates in all synapses during low-frequency action-potential firing 1, 2 ; slower asynchronous release mediates synaptic transmission in some synapses during high-frequency action-potential trains [3] [4] [5] [6] [7] , but remains a minor component in other synapses 1, 2 . Precise measurements of Ca 21 triggering of synchronous release were obtained in the calyx-of-Held synapse, which allows simultaneous patching of pre-and postsynaptic neurons, and enables monitoring of Ca 21 currents and capacitance of nerve terminals [8] [9] [10] [11] [12] . Such measurements revealed that the Ca 21 sensor for synchronous release exhibits an apparent cooperativity of ,5, and an apparent K d of ,10 or ,105 mM Ca 21 (refs 11 and 12) . In vertebrate synapses, synaptotagmin 1, 2 and 9 (Syt1, Syt2 and Syt9) function as Ca 21 sensors for fast synchronous release [13] [14] [15] [16] [17] [18] , exhibit a binding stoichiometry of 5 Ca 21 ions per molecule, and a micromolar Ca 21 affinity (note that 12 other synaptotagmins are expressed in the brain that do not function as Ca 21 sensors for fast release). Of Syt1, Syt2 and Syt9, Syt2 is a likely Ca 21 sensor for synchronous release at the calyx synapse because a mutation that decreases Syt2 levels impairs synchronous release from calyx terminals 19 . In synapses with predominantly asynchronous release during high-frequency action-potential trains, asynchronous release outcompetes synchronous release during the action-potential train [3] [4] [5] [6] [7] . Measurements of asynchronous release suggested a higher apparent Ca 21 affinity, but the same Ca 21 cooperativity as synchronous release 20, 21 . These properties would explain the ability of asynchronous release to out-compete synchronous release during highfrequency action-potential trains, because the accumulating residual Ca 21 in the train would trigger asynchronous release in the intervals between action potentials at Ca 21 levels at which synchronous release cannot be induced. Consistent with this notion, Ca 21 chelators such as EGTA block asynchronous release during high-frequency actionpotential trains but have less effect on synchronous release [3] [4] [5] [6] 22 . According to this view, synapses without predominantly asynchronous release during high-frequency trains, such as the calyx synapse, either lack asynchronous release, or have efficient Ca 21 buffering and Ca 21 extrusion mechanisms that prevent accumulation of residual Ca 21 (refs 23 and 24) . Moreover, the similar apparent Ca 21 cooperativity of synchronous and asynchronous release suggested that asynchronous release could be a modification of synchronous release 25 , indicating that there are no separate universal synchronous and asynchronous release pathways 24 . Indeed, quantitative models of release that are based on the assumption of a single Ca 21 sensor are widely applicable 11, 12 . These models, however, are inaccurate at low Ca 21 concentrations; even a recently refined model that proposes allosterically modulated release machinery with a single Ca 21 sensor is unable to accurately predict release rates at low Ca 21 concentrations 25 . Thus, at present, no accurate quantitative model for neurotransmitter release is available. Evaluating asynchronous release and generating an accurate quantitative model for release is difficult because asynchronous release has primarily been characterized in synapses that have a strong synchronous component, which could have contaminated the measurements 20, 21 , and because the biophysical properties of asynchronous release remain unknown. However, these questions have wide implications for our understanding of synaptic transmission because an accurate description of asynchronous release is required for any quantitative model of synaptic transmission. We now provide such a description in the calyx-of-Held synapse, and demonstrate that asynchronous release represents a separate and distinct release pathway that is likely to be universally present in synapses.
Syt2 knockout blocks synchronous release Mice lacking Syt2 initially develop normally, but perish after postnatal day 21 (P21). In the calyx-of-Held synapse, we detected no coexpression of Syt1 with Syt2 at any time between P5 and P14, or of Syt9 at P11 (Fig. 1a, and Supplementary Fig. 2 ). Moreover, we observed no compensatory increases of Syt1 in Syt2-deficient calyces, and found no overall change in protein composition (Fig. 1b , and Supplementary Figs 2-4) . Thus, calyx terminals express only one (Syt2) of the three synaptotagmins (Syt1, Syt2 and Syt9) that serve as Ca 21 sensors for synchronous release 18, 19 , presumably because Syt2 is the fastest Ca 21 sensor 18 and the calyx synapse is specialized for precise fast responses 8, 9 . To determine the effect of the Syt2 deletion on release, we examined brainstem slices from 7-9-day-old mice. Using cell-attached patches on presynaptic calyx terminals, we induced a train of presynaptic action potentials and measured postsynaptic responses by whole-cell recordings. Strikingly, evoked synaptic responses in Syt2-deficient terminals were small and delayed, with release being increasingly triggered in the inter-stimulus intervals during the stimulus train (Fig. 1c) ] e , wild-type and mutant terminals exhibited similar amounts of release (Fig. 2a, b) . At 2 mM and 10 mM [Ca 21 ] e , however, Syt2-deficient terminals displayed .10-fold smaller EPSC amplitudes and charge transfers than wild-type terminals (Fig. 2a, b) . Moreover, at 2 mM [Ca 21 ] e (a nearly physiological concentration), Syt2-deficient synapses were ,3-times slower in reaching the EPSC maximum (Fig. 2c) , and exhibited ,5-fold slower release kinetics (measured as the time to achieve 50% synaptic charge transfer; wild-type (WT) 5 4.9 6 0.7 ms; Syt2 knockout (KO) 5 26.8 6 1.7 ms (means 6 s.e.m.); P , 0.01; Supplementary Fig. 5 ). We conclude that deletion of Syt2 severely impairs fast synchronous release in the calyx-of-Held synapse, but leaves a slower, asynchronous form of Ca 21 -triggered release intact. In addition, the deletion of Syt2, like that of Syt1 in forebrain 19 , increased the frequency of miniature spontaneous release events but did not alter the size and kinetics of these events ( Supplementary Fig. 6 ).
A potential concern is that, because the Syt2 knockout mice die at P21-P24, the knockout neurons may not be healthy. However, at P7-P14, when we analyse the Syt2 knockout mice, the knockout mice are not visibly distressed, the protein composition of their brainstems is not detectably altered ( Supplementary Fig. 4 ), and the basic electrical properties of the postsynaptic calyx neurons are not impaired (Supplementary Table 1) . Thus, the changes we observe in the knockout mice are probably specifically caused by the deletion of Syt2. , we tested whether deletion of the highly homologous Syt2 impairs Ca 21 channel function. We simultaneously patched presynaptic calyx terminals and postsynaptic neurons in the presence of drugs that block action-potential propagation, AMPA(a-amino-3-hydroxy-5-methylisoxazole-propionic acid)-receptor desensitization, and NMDA (N-methyl-D-aspartic acid)-receptor activation. We then recorded presynaptic Ca 21 currents and postsynaptic EPSCs in response to prolonged depolarization (4 ms predepolarization from 280 to 180 mV followed by 50 ms depolarization to 120 mV) 31 . Deletion of Syt2 caused no detectable change in the amplitudes of presynaptic Ca 21 currents, electrical charge transfer mediated by the Ca 21 channels (integrated over 100 ms), or the I/V relationship, suggesting that Syt2 is not involved in regulating Ca 21 
channels (Figs 3a-3c, and Supplementary Figs 7 and 8).
The 50 ms depolarization in Fig. 3a depletes the readily releasable pool (RRP) of vesicles by inducing a prolonged increase in intracellular [Ca 21 ] i (ref. 31) . Postsynaptic recordings of synaptic responses showed that deletion of Syt2 depressed the peak amplitude of the depolarization-induced EPSC ,2-fold, slowed its rise time ,3-fold, and increased its latency ,5-fold ( Fig. 3d-f) . However, the Syt2 deletion did not alter the total synaptic charge transfer induced by the 50 ms presynaptic depolarization ( Fig. 3g ; integrated over 2 s). Thus, deletion of Syt2 did not affect the size of the RRP, and asynchronous release induces exocytosis of the entire RRP of vesicles in the absence of Syt2, albeit with a slower time course.
To compare the size of the RRP in wild-type and Syt2 knockout mice by an independent approach, we puffed a 2 M sucrose solution onto the terminal for 1 s, and integrated the synaptic charge transfer of the induced EPSCs over 2 s (Figs 3h, i, and Supplementary Fig. 9 ). Again, no difference between wild-type and Syt2-deficient terminals was detected. The absolute size of the RRP determined after sustained depolarization was larger than the RRP size measured by puffing of hypertonic sucrose (Fig. 3) . This difference may be due to the distinct measurement conditions used (ESPCs induced by depolarization but not by sucrose were monitored in the presence of cyclothiazide as a blocker of receptor desensitization); in addition, Ca 21 -dependent mobilization of the RRP during the depolarization may have increased its size during the monitoring period 32 . Fig. 10 ) 11, 12, 33, 34 . For Ca 21 concentrations of .1 mM, we employed only the flash photolysis method with a Supplementary Fig. 10 ). Finally, we quantified vesicle exocytosis by deconvolution of evoked EPSCs, using a measured miniature EPSC waveform to calculate the release rates 31 ] i to ,0.2 mM induced an enhancement in miniature EPSC frequency but no clearcut evoked EPSCs (Fig. 4a) . At these Ca 21 concentrations, release was slightly higher in Syt2-deficient than wild-type synapses (Fig. 4e) , presumably because deletion of Syt2 increases the resting frequency of miniature EPSCs (Supplementary Fig. 6 (Fig. 4 , and Supplementary Fig. 11 ] i was elevated to 2 mM (Fig. 4c) A potential concern with a genetic study is that a compensatory developmental change could lead to the expression of a nonphysiological Ca 21 ARTICLES one-sensor model' ) 11, 12 . These models, however, were unable to predict release at low [Ca 21 ] i (Fig. 5a) , presumably because this release-as depicted in Figs 2 and 4-is primarily carried by the asynchronous Ca 21 sensor. Partly to remedy this problem, and partly to account for the change in release induced by phorbol esters, an allosteric model of release was proposed 25 that improves prediction of the Ca 21 dependence of peak release rates (Fig. 5a ). The allosteric model, however, also postulates a single Ca 21 sensor, and underestimates the time-to-peak rate at lower [Ca 21 ] i (Fig. 5b) . To formulate a more accurate model, we developed a dual-Ca 21 -sensor kinetic model that is based on the current information (Fig. 5c) . This model postulates that (1) (Fig. 4) ; and (3) spontaneous release occurs with an effectivity factor C to account for the change in spontaneous release in synaptotagmin-deficient synapses 17, 19 (Supplementary Fig. 6 ). The dual-Ca 21 -sensor model assumes that these three release pathways compete with each other, and operate on the same vesicle pools.
The dual-Ca 21 -sensor model allows a satisfactory description of all of our Ca 21 photolysis data, both of the Ca 21 dependence of the peak release rates and of the time-to-peak rate for wild-type and Syt2-deficient synapses (Fig. 5a, b) . Moreover, the dual-Ca 21 -sensor model accurately predicts the kinetics of Ca 21 -dependent vesicle release in wild-type and Syt2-deficient calyx synapses (Fig. 5d , e, and Supplementary Fig. 13) (Fig. 5 ). Our parameters for synchronous release are squarely in the middle between the two previous estimates in calyx synapses 11, 12 , but our parameters for asynchronous release differ from previous suggestions 20, 21 , probably because previous suggestions were based on extrapolations of asynchronous release in the continued presence of synchronous release, which may have contaminated the estimates. Although the dual-Ca 21 -sensor model thus reveals that asynchronous release exhibits a relatively low apparent Ca 21 affinity and release rate, the model still predicts that asynchronous release is the major physiological mode of synaptic transmission at low [Ca 21 ] i because its lower degree of Ca 21 cooperativity renders asynchronous release more effective at low [Ca 21 ] i . At high [Ca 21 ] i , conversely, synchronous release dominates because the predicted k on for synchronous release is ,100-fold higher than that for asynchronous release (Fig. 5 ).
Summary
Here we show that among synaptotagmin isoforms that act as Ca 21 sensors for synchronous release 18 , calyx terminals only express Syt2 (Fig. 1, and Supplementary Fig. 2 ). We demonstrate that in calyx terminals, Syt2 is essential for Ca 21 triggering of fast synchronous release (Fig. 2) , but not for Ca 21 influx or vesicle priming (Fig. 3) . Thus, Syt2-as suggested for Syt1 in forebrain synapses 13 -is selectively required for Ca 21 triggering of fast release in calyxof-Held synapses. We show that although asynchronous release contributes little to action-potential-induced vesicle exocytosis in wild-type calyx synapses at physiological [Ca 21 ] i , asynchronous release triggers exocytosis of the entire RRP on prolonged increases in [Ca 21 ] i in Syt2-knockout calyx synapses (Fig. 3) . Therefore, synchronous and asynchronous release act on the same vesicle pools. Moreover, release at low [Ca 21 ] i exhibits a similar magnitude and Ca 21 dependence in wild-type and Syt2-deficient synapses, suggesting that release at low [Ca 21 ] i is normally asynchronous, and that asynchronous release does not change in the knockout mice.
Traditionally, asynchronous release is explained by three competing hypotheses: (1) asynchronous and synchronous release share the same Ca 21 sensor, but differ in the coupling of vesicles to Ca 21 channels, the state of the vesicles, and/or the Ca 21 -buffering mechanisms involved 24, 25, 36, 37 ; (2) 13 . Clearly the distance between synaptic vesicles and Ca 21 channels is a major determinant of the vesicular release probability, and -photolysis data from wild-type and Syt2-deficient calyces for the peak release rate (a) and time-to-peak rate (b) to the conventional 1-sensor model 11, 12 , the allosteric 1-sensor model 25 , the 2-sensor model, and the 2-sensor model with inactivation of the synchronous Ca 21 sensor (see Supplementary Materials and Supplementary Figs 10-13 for details; RRP is set to 3,000 vesicles 11, 12 ). c, Reaction scheme. c1, c2, c3, rates of spontaneous, synchronous and asynchronous release, respectively (defined as the fraction of the RRP released per second); a and b, and x and d 5 k on and k off for Ca 21 action for synchronous and asynchronous release, respectively; X0-X5 and Y0-Y2, Ca 21 -binding states of the Ca 21 sensor for synchronous (X) and asynchronous release (Y), respectively (note that X0Y0 5 RRP); b, cooperativity factor 11, 12, 34 . The curve-fitting parameters were (only c1 differs between wild-type and knockout): a 5 ] i (black, and blue or red, respectively); middle panels, recorded EPSCs; lowest panels, vesicular release rates deconvoluted from EPSCs (black), and predicted by the model (blue or red).
differences in the Ca 21 channel proximity of vesicles probably contribute to the vesicles' heterogeneity of release probabilities 39 . Moreover, undoubtedly, different pools of vesicles exist and contribute to the heterogeneity of release probabilities at a synapse. Nevertheless, these differences are probably unrelated to the differences between synchronous and asynchronous release, but are rather involved in regulating all release. Indeed, the following findings suggest that synchronous and asynchronous release are caused by independent mechanisms. $ Synchronous and asynchronous release exhibit qualitatively different properties, as shown by the unexpectedly low Ca 21 affinity and distinctly low Ca 21 cooperativity of asynchronous release, and by its persistence after synchronous release was selectively eliminated on deletion of Syt2 (Fig. 4) . $ Asynchronous release is independent of the proximity of synaptic vesicles to Ca 21 channels, because our flash photolysis experiments produce a uniform increase in [Ca 21 ] i that bypasses Ca 21 -channel activation (Fig. 4) (Fig. 5) . Within this framework, differences between synapses are primarily determined by which synaptotagmin isoform is being used as the Ca 21 sensor for synchronous release 18 , and by the accumulation of residual Ca 21 in the intervals between action potentials during stimulus trains (that is, by the Ca 21 -buffering properties of a nerve terminal) [34] [35] [36] 41 . It is of interest here that, fittingly, the calyx terminals with their exquisitely fast-release properties use as the synchronous Ca 21 sensor only Syt2, the fastest of the three Ca 21 sensors 18 .
METHODS SUMMARY
Syt2-knockout mice were bred and genotyped as described 17 . Brain slices (200 mm) containing MNTB were prepared in a parasagital orientation from P7-P9 mice (for double-patch or presynaptic cell-attached recording), or in a transverse orientation from P10-P14 mice (for fibre stimulation and purely postsynaptic recordings), and employed for single and/or double whole-cell recordings of nerve terminals and MNTB neurons with presynaptic electrical stimulation or stimulation by Ca 21 uncaging or Ca 21 dialysis, largely as described 11, 12, 31, 38, 42 . Ca 21 uncaging was achieved with an intense ultraviolet radiation pulse from a frequency-tripled YAG-ND laser, and the resulting Ca 21 concentrations were measured in situ by ratiometric fluorescence imaging of nerve terminals filled with Fura-2, Fura-4F, or Fura-6F ( Supplementary  Fig. 10 ) 34, 43 . Ca 21 dyes were calibrated in situ. Release rates were calculated using the Neher deconvolution program (http://www.mpibpc.mpg.de/groups/neher/ software/index.html) with a miniature EPSC size of 30 pA and a measured waveform 31 . We applied the different kinetic models to fit the data in our experiments (Fig. 5a, b, and Supplementary Figs 11 and 13) , with the conventional and allosteric single-Ca 21 -sensor kinetic models simulated as described 11, 12, 25 ( Supplementary Fig. 13 ). In our dual-Ca 21 -sensor model, each vesicle in the RRP can be released via three independent pathways (Fig. 5): (1) Ca 21 -independent fusion in the spontaneous mode, that is, direct exocytosis of vesicles from the RRP with a release rate of c1. An effectivity factor (C) to account for the change in spontaneous release rate in Syt1-and Syt2-deficient synapses was included; (2) Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
